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ABSTRACT

This report consists of a comprehensive review of past work on
the subject of radioc noise of natural origin and is conveniently divided
into two major portions. Part I is concerned with the radio noise in the
ionosphere and Part I is concerned with the solar radio noise from the
sun. It is well known that the radio noise of natural origin from the
ionosphere can be divided into two general categories--nonthermal and
thermal (Section 1.7). The former includes whistlers, very-low-frequency
(VLF) and extremely-low-frequency (ELF) emission.

The purpose of the present review is to outline and summarize
previous work on the subject of generation and propagation of naturally

occurring radio noise from the ionosphere and from the sun, and to determine

the applicability of the nonlinear microwave tube interaction theories to
the study of these natural phenomena.

-iii-
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I. RADIO NOISE IN THE IONOSPHERE

1.1 Classification and Characteristics of VLF Noise

At frequencies between approximately 200 cps and 30 kc/s there
occurs radio noise of natural origin known as "Atmospheric Whistler" and
"VLF Emission" (also called "VLF ionospheric noise").

From the examination of a large quantity of high resolution spectro-
grams, it has been deduced? that a major fraction of "VLF Emission" is
excited in the exosphere by streams and bunches of high-speed ionized
particles precipitating into the ionized atmosphere in the presence of
the earth's magnetic field. The electromagnetic waves excited are then
propagated in the manner of whistlers. A systematic classification of
observed VLF noise can be given as follows:

l.1.1 Whistlers. Whistlers result from the dispersive propagation,

over a very long path, of very low freguency electromagnetic waves radiated
by lightning impulses. Through the action of free electrons in the outer
ionosphere they are believed to follow horseshoe-shaped paths defined by
the earth's magnetic field, traveling from one hemisphere to the other

in a time of the order of one second. All frequencies are emitted at

once.

1.1.2 VLF Emissions. It is believed that VLF emissions are not

caused by lightning and are strongly associated to magnetic perturbations.
There are two principal types:
1. Continuous in both time and frequency. Steady-state situation

(e.g., Hiss).



2. Discrete, but often of a repetitive nature. Transient situation,
e.g., Hook, Raisers, Quasi-Vertical (chorus), falling-tones, Quasi-
horizontal, pseudo noses, etc.

1.1.3 Interaction Between Whigstlers and VLF Emissions. The

interaction involves either the continuous or the discrete VLF Emissions.

The origin and characteristics of whistlers are relatively well
understood®. VLF emissions, on the other hand, appear to originate
within the ionosphere and although many types are recognized no satis-
factory theory of their origin has yet been advanced.

1.2 Mechanisms of Generation of VLF Emissions

With the relatively emall amount of information so far available,
any discussion of the origin of terrestrial VIF noise bursts must be
largely speculative. Nevertheless over the past decade considerable
effort has been expended on the essentially similar problem of explaining
solar radio noise bursts. These are generally believed to originate in
the interaction between fast-streams of charge particles and the plasma
of the solar corona, and the suggested mechanism includes plasma oscilla-
tions, gyro and synchrotron radiation and Cerenkov radiation>s%. Similarly
one might expect that the interaction between auroral particle streams
and the plasma of the outer-atmosphere of the earth would also produce
radio noise. The gyro-frequency and plasma frequency in this region are
such that the wave frequency of noise generated by any of the above
processes would be in the ke/s to me/s range, rather than tens or
hundreds me/s as from the sun. The main difference lies in the position
of the observer and an acceptable process for the terrestrial case must

provide for the propagation of the radiation inward through the plasma

to the ground instead of outward through the solar corona. Since the
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critical penetration freguency of the F-region is much higher than the
wave frequency of VLF noise, this means that the terrestrial process
must produce "extraordinarily" polarized radiation instead of the
"ordinary" polarization favored in the solar case.

1.2.1 Selective Traveling-Wave Amplification Process. 1In a

theoretical study of VLF emission by Gallet and Helliwell® it was assumed
that a part of the low frequency radiation is generated in the earth's
exosphere and the selective traveling-wave amplification process in the
outer exosphere is postulated. A stream of electrons acts like the
beam in a traveling-wave tube and the ambient ionospheric plasma acts
like the slow-wave structure. The input signals are assumed to be provided
by whistler energy, Cerenkov radiation and thermal radiation. In other
words the longitudinal interaction of the electromagnetic wave and a
beam of iocnized particles would bring about an amplification of the
electromagnetic wave provided that the average velocity of the incoming
beam is approximately equal to the phase velocity vph of the electro-
magnetic waves.

It has been suggested5 that a discrete well spaced group of charged
particles entering the ilonosphere may produce down chorus by this process
of selective traveling-wave amplification. In a three-dimensional medium

(S}

this is the same as the Cerenkov process®. Using this process Dowden”

has
explained "hiss" as the amplified Cerenkov emission from electron streams.

1.2.2 Cerenkov Radiation. The mechanism of VLF emission by

Cerenkov radiation from a charged particle traveling along a geomagnetic

13, Cerenkov radia-

line of force has been discussed by various workers®-
tion is emitted by charged particles when the resolved components of

particle velocity equals the phase velocity of the wave in some direction
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(i.e., the particle velocity matches the component of wave velocity in
the direction of particle motion).
For the X-mode the refractive index is
f-Z
n2 = 1 < ) ( 1 )

" (f f_ cos §-f2
(  Cos )

where £ , T
0

H and T are plasma, gyro and wave frequency respectively.

0 is the propagation angle which is the angle between the direction of
wave propagation and the magnetic field line of force. T1If v represents
the particle velocity, for the particle traveling in the direction of
the magnetic field (@ = 0), then the coherence condition for Cerenkov

emission is

= n” cos® @

—
"o
o

< Io
[A%] B!

s

e.g., for the region where f << fH and T << fo’ substituting Eq. 2 into

Eq. 1, one has

which suggests that a given frequency may be generated by a Cerenkov
process under a wide variety of conditions of particle speed, plusma
frequency and magnetic field intensity. The expected electromagnetic
power density has been calculuted on the basis of incoherent radiation
by Ellis’®.

1.2.3 Cyclotron (Gyro) Radiation. Cyclotron {gyro) radiation

is synchrotron radiation emitted by nonrelativistic particles at the

gyro-frequency and its harmonics. The power emitted in the several
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harmonics per electron and the polar diagram of emission have been treated
extensively in the literature, e.g., SchwingerlS for the case of a free
electron, and Twiss and Roberts? for the case of an electron inside an
ionized medium. In general, only the fundamental frequency may propagate
to the ground without encountering an infinite refractive index at the
level where the wave frequency is equal to the gyro-frequency.
The frequency and power emitted from electrons with density N
-3

cm and velocity v cm/sec in a helical orbit along a magnetic line of

force are given by15

f
_ H
f 1 Bn cos ¢ cos 8 (1)
and
- Bn® €% 2.2 2
P = CR T5B°N sin® o (5)
2
for g2 = Z_Z«l ,

where @ is the angle between the velocity vector of the electron and
the magnetic line of force.
An electron trapped between the magnetic mirrors moves following

the relation*®

B = B_ J <6)

where B is the magnetic flux density and Bm is that at the mirror points.
It is noted that the emission power becomes weak around the top of the
geomagnetic line of force by the factor sinzm in Eq. 5. However, no
such examination of radiation power has ever been made.

a. Doppler-Shifted Proton Cyclotron Radiation. The inter-

action of a traveling-wave-tube-type amplification process requires the
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velocity matching of the electromagnetic wave and beam over an extensive
region of space in order for an appreciable amount of energy to be trans-
ferred from the beam to the wave. In order to remove this possible
objection, MacArthur'” has proposed. a theory based on a Doppler-shifted
proton gyro-concept.

A cloud of protons, impinging on the earth's magnetic field at
high speed, will in general be deflected into a helical path about the
line of force, rotating with angular frequency ws = He/Mc, where M is
the proton mass. This rotating cloud of protons may be considered as a
source of an electromagnetic wave having an angular source frequency ws
and moving forward with velocity v. Hence, a Doppler-shift in frequency

will result, with the radiated angular freguency given by

w
s
w = —— (7)
(1-*
N Vph
where vph is the phase velocity of the wave, vph = c/nJ where n 1s the

index of refraction. For a whistler mode

e
2 = 1+ —B—
(o ah-aﬁ)

, Where

gN

_ (%ﬁNeZ >
- m
e

By eliminating n and v in the above equations one can solve for the

ph
radiated angular frequency in terms of various parameters. MacArthur
showed that Gallet's equation for radiated frequency can be derived as
a limiting case of a more general equation resulting from a quite different

mechanism. It has been pointed out that the Doppler-shifted proton gyro-

radiation can be made to cover cases not explained by the TWT method.
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Maeda and Kimura® have treated theoretically the amplification
due to the transverse interaction of the electromagnetic wave with a
cyclotron mode of a proton beam in place of an electron beam.

b. Doppler-Shifted Electron Cyclotron Radiation. Dowden'®

has proposed the theory of Doppler-shifted cyclotron radiation from elec-
trons matching the whistler mode in the backward direction to explain
"hook" by showing that a discrete bunch of electrons will produce a discrete
emission. This theory has been supported with experimentally observed
results®®. Dowden®! also showed that the cyclotron radiation from a
receding electron in the exosphere can be Doppler shifted to a frequency
much less than the local gyro-frequency, and a stream of electrons will
produce band-limited white noise or "hiss". Associated with the lower
frequency limit of the band there is an emission cutoff and the upper
limit constitutes a propagation cutoff. It was pointed out®! that narrow,
wide and very wide bands of hiss can be produced by electron streams of
even very broad velocity and pitch distribution.

1.2.4 Other Possible Mechanisms Which Have Been Proposed.

a. Plasma Instabilities. It has been shown recently®®

that a beam of solar particles penetrating the ionosphere will eventuaily
excite enhanced plasma oscillations in the lower frequency band and
generate an electromagnetic noise which is detectable on the ground.
Sdppose that at a certain time it is traversed by a homogeneous, incoming
electron beam originating from the sun (or from Van Allen belts). The
resulting complex medium may be electrically neutral, either if the beam
itself also creates positive ions by collision or if ionospheric ions
re-establish neutrality. However if the velocity distribution of the

electron is strongly distorted in velocity space, a convective instability
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must automatically occur. This means that if at a certain moment there
is a small fluctuation of charge density in the medium, due for instance
to a slight local inhomogeneity of the beam, this fluctuation will grow
indefinitely while propagating along the beam. Actually its growth will
be limited by a nonlinear effect, damping and finally by the disruption
of the beam. From the phenomenological point of view the instability
will appear as a succession of very rapid variations in place and time
of the parameters of the medium such as electron density, current and
fields, these variations growing indefinitely while propagating. The
onset of nonlinear effects will then change the nature of the disturbance
which, instead of remaining purely electrostatic in nature, will acquire
radiation properties and generate an enhanced electromagnetic noise.
This mechanism is essentially the same as the one proposed by Haeff=3
to explain the origin of solar noise emission. The noise thus generated
will eventually reach the ground, either directly with frequencies above
the maximum plasma frequency of the underlying ionosphere, or indirectly,
by the whistler mode with frequencies below the gyro-frequency, along the
geomagnetic line of force. It must be noted that the noise spectrum
should correspond to the instability band of the interacting beam-plasma-
dispersion diagram, whose frequency ranges from zero to an upper limit
somewhat above the electron plasma frequency.

Thus the traveling-wave-tube mechanism to which the VLF emission
has been ascribed (Gallet') does not appear to be an essential implication

of the phenomenon.

b. Anomalous Doppler Waves from Charged Particles. While

studying the ionospheric absorption of the VLF emission at the auroral
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zone, Ondoh®* has found that the daytime increases of chorus intensity
corregspond to daytime increases of incoming particles such as cause
ionospheric absorption of cosmic radio noise on quiet days. 1In view of
the fact that the power flux of 3.5 x 103 W m™® (C/S)™* cannot be
explained by most theories of VLF emission that may explain up to

1071% w m™2 (¢/S)™! at most, and since the anomalous Doppler waves are

known to be growing waves®®

, Ondoh has proposed that anomalous Doppler
waves from charged particles produce cosmic noise absorption as an origin
of VLF emission in the outer exosphere. It was pointed out that it may
emit a power of the order of 1071% w m™® (c/s)~1.

Ond.oh®® also suggested the possibility of amplification of Cerenkov
instabilities in the outer-exosphere at geocentric distances beyond about
four earth radii[?(fo/fH)(v/c)]2 > 1 for a velocity v of the order of
104 km/sec. Hence the Cerenkov instability with the complex frequency

f = fr + 1 y may appear in the outer exosphere. The condition for the

anomalous Doppler effect is given by Ginzburg®> as
c
cos 8 > — . (8)
nv

Thus the instability suggested by Ond.oh®® may be the anomalous Doppler
effect and therefore the Cerenkov instability may produce the growing
wave.

For example, by considering the penetrations of the stream of
charged particles with velocities v; = cfH/EfO and vo > cfH/Efo into
the outer exosphere simultaneously, the VLF emission may be explained
since the condition (8) can be met.

1.3 Comments on the Various Mechanisms

The theory of the traveling-wave-tube interaction in VLF emission

can be developed further by taking into account some plausible laws of
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variation of cloud velocities and by explaining the interaction between
whistler and VLF emissions by the acceleration of particles by trains of
electromagnetic waves.

The TWT mechanism has been considered in great detail for hiss
by Dowden’ in which account is taken of the spiral motion of particles
traveling in the magnetic field, the interaction distance for which
amplification at any one frequency can occur, and the slowing down of the
stream particles by the wave amplification process. 1t has been shown
that narrow band bursts of hiss can be generated by weak electron streams
of even very broad velocity and pitch distribution. The center frequency
of such a band of hiss is characteristic of the terminating latitude of
the line of force of generation.

From consideration of the frequency spectrum it appearsl6 that
continuous emission such as "hiss" or a multiple of accending tone 'chorus"
are due to the Cerenkov-type emission and discrete emisslon "hook" is due
to cyclotron emission from electrons traveling away in helical orbits
about the geomagnetic field. From the point of view of radiation intensity,
on the other hand, if the radiation 1s incoherent, then both Cerenkov
and cyclotron mechanisms are incapable of producing power levels even
remotely approaching those observed'®. For example, the observed intensity
of the noise--about 107'® W m™2 (C/s) *--is several orders of magnitude

greater than would be expected on the basis of Cerenkov emissiont?

or
gyro-emission by a single particle. This discrepancy is not considered
serious, however, since coherent emission by a closely spaced group of

particle827

could increase the intensity to the observed levels. 1In
other words, one way to increase the output from either the Cerenkov or

cyclotron process would be to produce some degree of coherence in the
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radiation from individual particles®®.

This would require that the
position of particles in the wave normal direction be such that their
radiation components will add in phase. Examination of whistler mode
propagation shows that though the longitudinal component of electric field
is usually small it may be appreciable if the propagation is sufficiently
far from purely longitudinal. As the wave propagates it will tend to trap
those particles moving at nearly the same longitudinal velocity; those
particles moving slightly slower than the wave will be accelerated, and
those moving slightly faster will be decelerated. If this mechanism
operates over a substantial length of path, significant changes in the
particle velocity distribution may occur, since the velocity of the wave
continuously changes with position along the path. In addition the parti-
cles will be grouped in buﬁches of about a half-wavelength, and so the
degree of coherence of their radiation will be increased.

Another phasing mechanism, proposed by Brice®®

, 1s based on the
resonance between spiralling electrons and whistler-mode waves traveling
at the appropriate speed in the opposite direction. In this mechanism
the magnetic field of the wave acts to shift the phase of the particle
until the }orce on the electron due to the wave magnetic field is reduced
to zero. The result is that the particles are organized in velocity
space so that their cyclotron radiation adds in phase in the backward
direction.

Advantages of this cyclotron mechanism include strong coupling
when propagation is purely longitudinal and the fact that phasing does
not require physical bunching of charge.

Observation3® of VLF noise by the Alouette I Satellite shows that

the band of noise shows systematic variation with the position of the
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space craft in the geomagnetic field; frequency decreases with increase
in the latitude of the Satellite. These observations are compared with
the theories of generation of VLF exospheric noise (Hiss) developed by
Dowden”’»2%. The comparison indicates that the observed spectral distri-
bution of the noise is perhaps more consistent with the Doppler-shifted
cyclotron theory of generation, but the dependence on the geomagnetic
field is in better agreement with the traveling-wave-tube amplification
theory. Although both theories can account for narrow, wide and very wide
band noise (neither seems to adequately explain all features of the
observational data) it has been pointed out3® that TWT theory is perhaps
the mest hopeful and it should receive further study. Thus the efficacy

of the traveling-wave mechanism is still open to question.

1.3.1 Periodic Emission and Triggering Hypothesis: (Whistler-

Mode Periodic Emission Theory.) A periodic VLF emission can be divided

into two types: a dispersive type 1n which the period between bursts
varies systematically with frequency and a nondispersive type in which

the period does not vary. In all attempts to explain the periodic VLF

emission, authors assume the a priori existence of a small bunch of
charged particles that oscillates between mirror points in the earth's
magnetic field. It is then assumed that the bunch radiates a noise burst
each time 1t passes through a favorable region of the ionospheric plasma,
s0 that the emission period is the same as the mirror period of the bunch,
which is referred to as the "particle-bunch theory of nondispersive
VLF emission'.

The experimental evidence linking whistlers to both types of
periodic emission has been presented by Helliwell®® and a single,

unifying theory of their origin was proposed, which was referred to as
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"whistler-mode periodic emission theory"”. From the experimental results

it was argued that those two classes of periodic emission are fundamentally
the same and that the generation of the emission is controlled by echoing
whistler-mode waves, rather than by mirroring particle bunches.

Although the details are not yet understood a mechanism has been
proposed®® in which the whistler waves act to temporarily "organize" the
particles in existing, unbunched streams of charge that are trapped in
the earth’s magnetic field. The individual particles in the organized

group then radiate coherently, giving rise to temporary enhancement of

the total noise power. It appears that in whistler-mode periodic emission
theory, the whistler need only set up the appropriate condition for more
effective conversion of kinetic to electromagnetic energy. Helliwell®8
also proposed the experimental test of the triggering theory, and pointed
out that on the basis of the triggering hypothesis, the common phenomena
"chorus" could be interpreted as the superposition of many sets of
periodic emissions traveling on one or more field aligned paths.

It might be of interest to note that recently coherent radiation
by plasme oscillation in a laboratory experiment in the microwave range
has been reported by Skinner and Vallner®l. The idea is based on coupling
between longitudinal oscillations on the beam and an electromagnetic wave
traveling normal to the beam. This observation might be helpful in the
study of the VLF emission mechanism by plasma oscillation. The conditions
in which coherent generation and amplification of electromagnetic radia-
tion can occur in a plasma have been investigated by a number of
authors®*,32,33, It has been shown that the radiation absorption coeffi-

cient may assume a negative value for a particular frequency if there

exists a radiative process where this frequency is emitted only by electrons
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of particular energy, providing that the actual energy distribution of
the fast electrons has a positive slope for this value of energy. ITf

the absorption coefficient is negative then a wave traveling through the
plasma will be amplified. Bekefi, et al.®?, for example, have shown that
even a slight modification to a Maxwell energy distribution can lead to
coherent cyclotron radiation.

1.3.2 Triggering of VLF Emission by Transverse Resonance

Plasma Instability. An electron injected into a longitudinal magnetic

field with some initial transverse motion will rotate at the cyclotron
frequency in the transverse plane. If a radio-frequency electric field
which is polarized in the transverse plane and which oscillates at the
cyclotron frequency is present, a cumulative energy interchange between
the electron and the field will occur. This principle of cyclotron
resonance interaction has been applied to the construction of a backward-
wave oscillator®* and amplifier which requires no slow-wave circuit. It
is Interesting to note that in the TWA it is the r-f electric field that
does the bunching and the extraction of energy. However, in the case of
cyclotron resonance, bunching is provided by the r-f magnetic field and
energy extraction is provided by an r-f electric field. A tube of this
type will support amplification in both the forward and backward direc-
tions. It is well known that if the tube current is high enough backward-
wave oscillation will occur, since the feedback mechanism is built in.
The backward-wave amplification in the cyclotron resonance interaction
may be viewed as a consequence of a plasma instability, which is referred
to as "transverse resonance plasﬁa instability". Brice®® has suggested
that this type of instability might be responsible for the triggering of
a certaln type of observed VLF emission, and Bell and Buneman3> have

carried out development of the theory. The type of instability considered
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by Bell and Buneman is that due to the resonance between circularly
polarized whistler-mede electromagnetic waves propagating in a relatively
cold plasma and the gyrating electrons contained in a stream which pene-
trates this cold plasma.

It was pointed out that both in laboratory plasmas created in a
mirror geometry and in the earth's exospheric plasma, such a streaming
condition may exist, and ionospheric observation of whistler growth may
be expected. For whistler-mode propagation, the wave frequency is always
less than the electron gyro-frequency, and for gyro-resonance to occur it
is necessary that the wave and the stream travel in opposite directions.
Neufeld and WrightSG consider the process of gyro-resonance in the whis-
tlgr mode for the case in which the stream has zero initial transverse
velocity, and concludes that no instabilities exist for transverse electro-
magnetic waves propagating along the field lines when the stream direction
opposes that of the wave. This conclusion is plausible on the basis of
energy considerations (i.e., the stream will fail to transfer energy to
the wave). (It should be kept in mind that the situation analyzed by
Neufeld et al. would inevitably result in a longitudinal instability.)
However, for streams with finite initial transverse velocity, the analysis
of Neufeld et al. must be modified and Bell and Buneman have demonstrated
that a spread of stream electron velocity in the transverse direction
leads to an instability of the stream-plasma system in the whistler mode,
with the transverse electron gyration serving as an energy source. Bell
et al. showed that an estimate of phase mixing or Landau damping through
longitudinal velocity spread indicates that the phase-mixing effect
can suppress the electrostatic (longitudinal) instability without
suppressing whistler growth. Streams approaching magnetic mirror points

can develop high enough gyratory energies to cause whistler excitation,
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and under typical ionospheric conditions indicating the presence of elec-
tron streams, whistler growth rates are calculated that could explain
a recent observation of very low frequency emissions. The result of the
theory of Bell and Buneman was compared with the observation of the
artificial stimulation of ionospheric whistler emissions by ground-based
transmitters®7.

The basic approach in the theory of Bell and Buneman involves the
examination of a dispersion relation for a general distribution function,

using the first-order Boltzmann-Vlasov equation for electrons.

1.4 VLF Emission and Geomagnetic Disturbances

The correlation between the chorus activity and geomagnetic activity
has been reported by Storey38 and Allcock®®. Storey also found the chorus
intensity varying greatly throughout the day. Allcock3® and Pope‘m"l’l
found the latitude effect on the diurnal maximum of chorus activity.

Based on these data, Allcock has shown that the chorus may be generated
directly or indirectly by streams or bunches of high-speed charged parti-
cles precipitating into the ionized exosphere in the presence of the
earth's magnetic field.

Crouchley and Brice?*® and Yoshida*® found that the average strength
or occurrence probabilities of chorus increase with increasing values of
the K-index at low latitude stations and show a maximum at mcderate
values of K-index in the auroral zone.

Ellis*? has found, from the study of VLF noise of 5 kc/s at Camden,
Australia located at a middle geomagnetic latitude of 42°, that all of
the noise storms occurred in the main phase of the geomagnetic storm

and that half of the noise bursts occurred simultanecusly with positive

bay. A good correlation has been found by Tokuda%® between the magnitude
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of the proceeding bay-type disturbances and the rising time of strength
increases of chorus.

Ondoh*® has found that a close correlation exists between increases
of chorus indices continuing for a few hours and geomagnetic pulsation
at the auroral zone, using the chorus indices and rapid-run magnetrogram
at College, Alaska, during July, 1959 to December, 1960. The result of the
observation indicated that the chorus increases may be generated by
penetration of high-speed-charged particles into the exosphere, which
may also be related to the geomagnetic pulsation.

Dokuchaev®” has studied the growth of hydro-magnetic waves in a
plasma stream moving along lines of force of a uniform external magnetic
field through a stationary ionized gas. Both plasmas are assumed to be
fully ionized and quasi-neutral. Using a generalized Omhm's Law in the
moving and stationary plasmas, hydromagnetic equation of the plasmas,
and the Maxwell's equations, Dokuchaev has derived the dispersion equation
for plane electromagnetic waves propagating along the lines of magnetic

N
field H at very low frequencies (w << w

” w/k << ¢) on the assumption

that collisions of electrons with ions are negligible. When kvo << W5

the dispersion equation is given by

((L)-kV )2 =)
@] w
kz = B + ) > (9)
a,s Va,p

where v, is the velocity of the stream, w the wave frequency, k the wave

number, ®. the gyro-frequency of ions

H
> _ H® > _ Hf
Va p ~ bmp Va,s = Lmp.
J P b4 s
P =(m +m) N the mass density, m . the electron and ion mass,
S,p e i° "s,p e,i
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Ns the number density of the stream and the stationary plasma. Solving
)

for (w/k) from Eq. 9 yields

ol (B0

< <
mldo N
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W
I{. N b (lO)
_bp
1+ X
s
where v€ = v_ 2 + v_ 2. Thus if the velocity of the stream exceeds the
a a,s a,p

Alfvén velocity (vo > va), hydromagnetic waves appear in the stationary-
plus-streaming plasma system. These waves build up in time.

The chorus increase may be generated by the Cerenkov instability
resulting from the interaction of charged particles with the exosphere.
When the velocity of an ionized stream exceeds the Alfvén wave velocity,
the growing hydromagnetic wave may appear in the stationary-plus-streaming
plasma system. The Alfvén velocity in the outer exosphere may be of
the order of 107 cm/sec. Therefore when the ionized stream with the

velocity of 10® cm/sec and density of 10 cm™2

invades the exosphere

along the geomagnetic line of force the growing hydromagnetic wave

(107 cm/sec) may appear in the exosphere-plus-stream system. These
hydromagnetic waves may propagate toward the earth in the stream moving
along the gecmagnetic line of force and may be observed as the geomagnetic
pulsations. Thus the interaction of charged particles or stream pene-
trating along the geomagnetic lines of force with the exosphere may
explain the close relationship between the chorus increase and the geo-

48 The observation of radio noise

magnetic pulsation at the auroral zone
from auroral electrons in the frequency range of 1 to 7 mc/s has been

made by Parthasarathy and Berkey*®. The emission mechanism is believed
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to be that of synchrotron radiation from primary electrons spiralling
down the magnetic field lines in the auroral zone. It was found that
the direction of radiation approximately coincides with the directiocn
of the visual aurora, as determined from the all-sky camera photograph.

1.5 Summary of Research of VLF and ELF Emissions

1.5.1 VLF Emissions--Their Relations with Whistlers and High

Fnergy Particle. The VLF emissions originating in the magnetosphere

and the upper ionosphere are of particular interest because of their
intimate relation to whistlers and to high-energy particle phenomena in
the magnetosphere. It is now considered to be well understood that VLF
emissions propagate in the whistler mode, and that they are produced by
bunches or streams of high energy particles moving along lines of force
in the magnetosphere. 1In nature and energy these particles do not
differ from the Van Allen belt particles or from the intense fluxes

of high energy electrons precipitating upon the upper atmosphere that

are observed by high altitude balloons. The source of VLF emissions

was interpreted, and they were systematically studied in several U. S.
laboratories prior to the discovery of these two classes of phenomena
(early 1958 for the geomagnetically trapped radiation, and mid 1957 for
the precipitation phenomena). A first review of the properties of VLF
emissions and the basic mechanism of their production was presented by
Gallet at the XIIth U.R.S.I. general assembly held in Boulder, Colorado,
September, 1957. It took some time to recognize that these natural radio
phenomena and the more or less direct detection of trapped or precipitating
particles were different aspects of the same general class of geophysical

phenomena.
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The relationship between the two fields of observation is far
from being obvious and is obscured by many secondary effects, such as
the strong variations of the ionospheric absorption for VLF radio signals,
and the lack of continuous observations of the particle fluxes at the
same place. The more or less steady Van Allen Belt, as pictured from
the Satellite observations, does not produce an observed background of
continuous VLF emissions, even if the velocity of the individual particles
is, from the present theory of the emission mechanisms, largely sufficient
to produce the radio emission. The VLF emissions are essentially transient,
over a wide range of time scales, and their intensity can be very large
compared with the threshold of detectability (typical 107*% to 10714 =2
(c/s)~* compared to 107*® or 107%°®). It follows that VLF emissions are
more closely associated with transient particle activity in the magneto-
sphere superposed on the more permanent background revealed by satellites.
In addition, the observed VLF emissions (sharp and strong discrete events
and hiss, well characterized by their spectra) are not produced by individ-
ual particles but are due to the collective effect of excess density
particles in bunches or streams.

From the present state of the theory, as well as from the observed
periods of certain periodic emissions (the VLF pulsations), one can
deduce that, for a large majority of the VLF emissions, the velocities
of charged particles required for producing the emissions correspond to
electron energies of the order of a fewkev. The recent counter results
obtained with the Injun I Satellite, equipped to record electrons with
energies as low as 1 kev and on a very short time scale, show very large
and rapid fluctuations of the particles fluxes, and are in much better
agreement with the deductions made from the VLF emission observation than

were the earliest measurements.
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At the present time it has become clear that VLF emissions are
closely related to the dyndmics of high energy particle phenomena in the
magnetosphere. Unlike whistlers, which are an important propagation
phenomena, VLF emissions are characterized by an emission process,
producing a well defined narrow band of frequencies due to the passage
of relatively few high velocity particles through the ambient plasma.

When they are emitted, the electromagnetic waves propagate like whistlers.
To understand the shape of the dynamic spectra of VLF emissions 1t

is necessary to take into account the results available from whistler
studies of the structure of the magnetosphere.

1.5.2 Trends in the Field of VLF and ELF Emissions Since 1960.

Gallet*® recently pointed out that the trends in studies of VLF and ELF
emissions since 1960 are as follows:

1. The separation between the studies of whistler and VLF phenomena
have become clear and better understood.

2. The study of VLF emission is no longer pursued by itself and
there is a deliberate search for the relationship with high energy
particle phenomena. Furthermore, particle physicists are now aware of
the importance of these phenomena in their investigations.

3. 1t has become evident that there is an important relationship
between ELF observations and VLF emissions, and that the customary
separations were mainly artificial. It has been realized that at least
one fraction of the geomagnetic micropulsations have very definite
spectra, exhibiting well defined frequencies slowly varying with time and
very much like VLF emissions. Also at least a fraction of these geo-
magnetic micropulsation propagates as progressive hydromagnetic waves

through the magnetosphere, or as standing ELF oscillations of parts of the
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magnetcsphere (such as a particular bundle of lines of force). The
detailed mechanism of the production of these hydromagnetic waves is
still quite a mystery although they are related to the interaction of
solar plasmas with the magnetosphere. It is possible that some well
defined ELF frequencies are produced by streams or bunches of particles
in a way similar to hydromagnetic waves in the traveling-wave-tube
mechanism producing VLF emissions. The term "Hydromagnetic Emission"
has been very appropriately used by TepleySO.

During the same period some new types of studies have been
undertaken at a few laboratories. They can be characterized as
systematic attempts to relate the individual VLF emission events to other
geophysical phenomena and to verify in detall some predicted properties.
These studies can be classified in the following ways:

1. Magnetically conjugate point studies.

2. Relationship between VLF emissions and precipitation of high
energy electrons upon the low ionosphere.

5. Observation of echoes from sufficiently strong discrete VLF
emissions, and establishment that the deformation from one signal to
the next is due to the dispersion of electromagnetic waves propagated
and reflected exactly like whistlers.

L. Study of repetitive VLF emissions, which present periodically
the same spectral shape. These are called "VLF pulsation"” or "periodic
emission" for convenience.

5. Continuous observations at a network of stations in addition
to the ordinary magnetic tape recording of high time resolution, which

are necessarily limited to a sampling of two minutes every hour. These
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continuous observations of VLF spectra are made by means of a new instru-
ment called a "Hiss Recorder", which deliberately gives a low time
resolution in order that one day of data occupies a length of 72 cm on
16-mm film. (Watts, Kock and Gallet®?t.)

1.6 Some Propagation Aspects of VLF Noise in the Ionosphere

1.6.1 Landau Damping of Whistlers. In recent years the Landau

damping theory has received a great deal of attention. For example,

the effect of (close range) collision on Landau damping has been investi-
gated by Platzman and Buchsbaum®2. Attention has also been directed

to cyclotron damping (the analog of Landau damping at cyclotron fre-
quencies) in a collisionless plasma by Stix>2 and Scarf>%.

Scarf®4 investigated the thermal damping of whistlers using the
small amplitude solutions to the coupled Boltzmann-Maxwell equations.

It was found that the damping is associated with cyclotron resonance

for a fraction of the electrons in the magnetosphere, and that the
resultant attenuation provides a sharp cutoff at 0.5 to 0.7 of the
minimum cyclotron frequency along the path. The correlation of whistler
data with the derived complex dispersion relation was used to evaluate
electron temperatures at several earth radii; a specific numerical
example gave T ~ 10°° K at R = MRE (geocentric).

The thermal analysis was applied by Liemohn and Scarf®® to data
supplied by Pope56, and the most reasonable results for the effective
density and temperature at R/RE ~ (% - 4.5) appeared to be N ~ (200 - 700)
electrons per em® and T ~ (2.5 x 10°° K). In another paper, Liemohn and

f57

Scar examined the thermal attenuation of whistlers, assuming for

simplicity of analysis, that the electron component has a velocity

distribution of Cauchy form ~ (vZ + a®)™2, with a being rms value of
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velocity, which corresponds to an energy dependence of E™2+° when iv' >> a.
It was pointed out that the exact shape of the distribution and the concept
of temperature are only relevant in the sense that they give the fraction
of electrons that participate in the damping interaction at the Doppler-
shifted phase velocity. For a total density of 200 electrone per cm®

at R~ MRE, the thermal attenuation mechanism was found to predict an
electron flux of ~ L x 10° electrons/cm2 sec ev. for energies near 250 ev.
Scarf's small-amplitude theory has been re-examined and amplified by

Tidman and Jaggi58 to include the effect of the fast-particle fluxes.

1.6.2 Radio Wave Scattering by Free Electrons. It is well known

that each free electron in an ionized medium containing many free electrons
scatters some of the energy associated with a radio wave propagating
through the medium. The scatter waves have coherence, limited coherence,
or incoherence depending on certain conditions of wavelength and geometry.
Coherent scattering is the standard problem of refraction of radio
waves by an ionized medium. Limited coherence, which means that only
the scattered waves from limited subvolumes of ionized media are coherent,
is the problem popularly known as "ionospheric scatter". Complete inco-
herence of the waves scattered by free electrons, or simply incoherent
scattering, and the conditions under which it is important has been
discussed by Gordon®®. Due to the thermal motion of the electrons, the
frequencies of the scattered waves are Doppler-shifted from the incident
wave frequency. The width of the spectrum of the scattered signal is
therefore a measure of the electron temperature. Free electrons in an
ionized medium scatter radio waves incoherently so weakly that the power
scattered has previously not been seriously considered. The calculation

S

made by Gordon® , however, shows that this incoherent scattering, while
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weak, 1s detectable with a powerful radar; which thus led him to conclude
that the radar, with components each representing the best of the present
state of the art, is capable of measuring electron density and electron
temperature as a function of height and time at all levels in the earth's
ionosphere and to heights of one or more earth's radii.

Associated with the suggestion by Gordon for measurement of electron
density in the magnetosphere by radar backscattering above the penetration
frequency of the ionosphere, and the successful application of this method
by Bowlesso, numerous paperssl'67 have appeared analyzing in detail the
theory of this scattering phenomenon. The development of the incoherent
backscattering technique for studying the ionosphere and magnetosphere
has been perhaps the most important innovation in ionospheric research
during the last decade®C.

1.7 Thermal Noise from the Ionosphere

The radio-frequency noise picked up on an antenna originates in
various ways. At medium frequencies principal components are man-made
noise and atmospherics and the spectrum should also contain a component
due to thermal radiation from the ionosphere. Because the ionosphere acts
as an absorber of radio waves, it would not be unreasonable to expect
that it can also act as an emitter of thermal radio noise. It has been
conclusively demonstrated by various workers that thermal emission from
the D-region can, under favorable conditions, be observed with a dipole
antenna.

The thermal radiation from the ionosphere has been identified and
measured by Pawsey et al®. They found that it is in general very weak,
corresponding to an effective antenna temperature of about 300°K, or

a field strength of about 107° volt/m in a frequency band of one kc/s under
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the condition of observation. Their observations led them to suggest

a new method for studying the electron temperature in the absorbing

(and emitting) part of the ionosphere, which for the frequencies used

(2 me/s), is at a height of about 70 or 80 km. The measured temperature
of 240 to 290°K agrees with other observations of temperature at these
heights. The argument and method used by Pawsey et al. in an attempt
to identify and measure the thermal radiation from the ionosphere are
described as follows:

Noise intensities may be expressed in terms of an rms field
strength per given bandwidth or in terms of an effective antenna tempera-
ture. Pawsey et al. use an effective antenna temperature (in degrees
Kelvin) defined as the temperature of "black" walls of a hypothetical
enclosure completely surrounding the antenna which, in the frequency
band accepted, would give a mean available power at the antenna terminals
due to thermal radiation, equal to that actually observed. This mode of
specification is quite general and does not presuppose radiation of thermal
origin, though it is obviously convenient in discuseging such radiation.

The relation between the component of rms field strength in
a given direction in a frequency band B, and the equivalent antenna
temperature Ta’ is derived by equating the available power due to an
assumed thermal source to that due to the given field strength E acting on

a short-loss free antenna. Thus

=3
KT B =<—E—h>i , (11)
a 2 r
a .
where k is Boltzmann constant, h is the effective height of the antenna
and T is its radiation resistance. Since for a Hertzian doublet of
length (and hence equivalent height) h, r, = 80 n® (h/N)Z, where N is

wavelength, and for a wavelength of 150 m (f = 2 mc/s), a frequency
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band of one kc/s and an effective temperature of 300°K, a value commonly
occurring in their observation, the r ms field strength is 0.76 x 107°
volt/m. This field strength is several orders of magnitude below the
threshold of sensitivity of most communication receiving systems.

Their observation shows that the natural noise level observed
on an antenna at frequencies in the vicinity of 2 mc/s during the hours
around noon frequently fall to an intensity corresponding to an equivalent
antenna temperature between 200 and 300°K. It is not observed to fall
below this, and at the times when this low level is observed the charac-
teristics appear similar to those of thermal noise. Furthermore, there
are reasons for believing that this level cannot be accounted for in terms
of the integrated effects of great numbers of atmospherics. Thus they
argue that these facts are strong evidence for the hypothesis that there
is a background source of random noise of this intensity. This background
source 1s 1dentified with thermal radiation from the ionosphere because
the measured intensity agrees within the limit of data with that derived
from other sources.

This radiation, from a microscopic viewpoint, arises from the
acceleration of charged particles due to collisions. Because of the lower
mass, electrons radiate very much more effectively than ions so that the
contribution from ions should be negligible compared with those from
electrons. It was thought that the absorption and emission take place
in the ionized atmosphere below the maximum of electron density .in the
E-region, where the refractive index does not depart appreciably from
unity. For a particular direction the contribution to thermal intensity,
measured in terms of equivalent temperature, from a small region of

thickness Ax at a distance x from the observer, will be given by the
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product of its electron temperature, T, its emissivity and the attenu-
ation along the path to the observer, exp| —(f K dx;], where K is the power
absorption coefficient. From the reciprocal law of emission and absorp-
tion the emissivity equals KAX (under thermodynamic equilibrium conditions).

The equivalent temperature Te’ for this direction is obtained by

integrating along the ray and is given by

<] X

T, = \/ﬁTK exp [- /h K dx,] dx . (12)
0 0

This can be integrated if T and K are known in terms of x. These can be
determined for the given direction if the temperature, electron density N,
and collision frequency v are known functions of height since K is a
function of N and v.

Gardner®® has made a series of observations of 2 mc/s radio noise
over a period of about a year at a very quiet site, with the technique
used by Pawsey et al. He reported that the derived ionospheric temperature
ranged between about 200 and 250°K and varies appreciably from day to
day and is generally lower and less variable in the winter. Using the
same technique, Dowden’® has made a measurement of the temperature of
the ionospheric D-region in the auroral zone from cbservation of 2 mc/s
radio noise, and compared this result with measurements made in the
temperate region by Pawsey et al. The temperatures of the undisturbed
and disturbed ionosphere at the two latitudes are found to be essentlially
similar.

Little et al.”! have made the observations of the thermal noise
level on a 2.89 mc/s dipole antenna near College, Alaska. They reported

that in the absence of cosmic noise and other interference, equivalent
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midday antenna temperatures during the winter were in the range of 200°K
and 250°K which is in good agreement with the temperature of the neutral
gas in the lower part of the D-region. Night time observation during
aurora indicated that the temperature of the electrons in the lower part
of the absorbing region is not markedly affected by the presence of the
aurora.

Although, as illustrated in the above, some experimental observa-
tions of the thermal noise from the ionosphere have been reported, it
appears that no detailed study of the thermal emission mechanism in the
ionosphere has ever been done. The thermal radiation has been neglected
because its level 1is exceedingly low, as illustrated by Pawsey et al.,
and it does not constitute an appreciable source of interference in
radio communication. However, the. interest in this type of radiation
lies in the fact that, if recognized, it can be used to derive information

about the temperature of the ionosphere.

II. SOLAR RADIO NOISE

2.1 Sporadic Solar Radio Emission (Radio Bursts): Solar Radio Bursts

and Their Characteristics

The great variety of phencmena described as radio bursts 1s rapidly
increasing and it is only with the help of spectral records that a better
understanding and classification of these emissions become possible.

The characteristics of burst emissions in different frequency ranges
differ markedly. Further in the same frequency range burst sources of

a different type may be distinguished. The basic observation required
to delineate radio frequency bursts comprise dynamic spectra, showing the

variation in intensity as a function of both frequency and time; and high
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resolution studies of the position, size, shape, movement and brightness
temperature of the emitting region. For meter-wavelengths extensive
results of both kinds have been obtained and fairly well defined classifi-
cation of source types achieved. In the microwave range (centimeter and
decimeter wavelength), on the other hand, most observations have been by
means of radiometer of low directivity operating at a single frequency.
Hence studies of microwave bursts have been largely 'morphological’ in
character and attempts have been made to find classifications of the burst
type on the form of the total power recorded at a single frequency (e.g.,

72, Kundu and Haddock73),account being taken also of the

Covington
differences in the total power recorded for opposite polarizations.

From the classical radio spectra of the Australians it was well
known that three main types of bursts in the meter wavelength range should
be distinguished. For Type I the wavelength remains constant during the
existence of the burst. For Type II the wavelength increases slowly and
for Type I1II it increases quickly.

It has been known that large outbursts of solar radio emission
from the sun are sometimes followed by periods of prolonged radio "storm"
(e.g., Hatanaka and Moriyama74, Payne-Scott and Little’®). Until about
ten or so years ago these outbursts associated with storms were presumed
to be particular cases of '"noise storm", which dominate the meter-
wavelength radio records of the sun over certain active periods, which
are now called Type I storms. The spectral records of Type 1 storms
show that they consist of many narrow-band, short-lived (0.1 ~ 0.2 sec)
bursts, suspended on a background of continuous radiation. It also
has been known that Type I bursts are associated with a sunspot, and

generally are almost completely circularly polarized. The sense of




-%1-

polarization is determined by a magnetic polarity of the preceding spot
associated with Type I bursts.

Radio emission from the sun in the form of slow-drift bursts known
as "spectral Type I1'" are characterized by a narrow band of intense
radiation that drifts toward lower frequencies at the rate of up to
1 mc/s and a duration of the order of minutes?”®. Type II bursts often
show fine structures, frequency splitting and herringbone structure.

In 60 percent of the cases, a fundamental and a second harmonic band have
been observed, often of the same order of intensity, while the third
harmonic was invisible. The work of Roberts’® and Thompson’’ shows that
these are the bursts that produce magnetic storms on earth.

Bursts of spectral Type III, which on many days dominate the record
of solar activity in the meter wavelength spectrum, are recognized by
the rapid drift of the frequency of maximum intensity from high to low
frequency (Wild and McCready)78. Type III bursts are always associated
with flares, often small flares, and more especially with those showing
sudden puffs or dark marking that move away from the flare.

Next to the three '"classical" types of bursts, newer Types IV and
V have been studied by various workers (Boischot79, McLeanSO, Wild and
his associates®1-83),

While observing the sun with a multi-element interferometer of
169 me/s, Boischot has made a distinction between ordinary noise storm
(Type I) and storm, in which he gives the new definition of Type IV
bursts. The Type IV burst is an emission extending through the meter,
decimeter and centimeter wavelengths of continuous radiation, with low

frequency cutcff, mostly following a strong flare with a Type II burst.

It develops smoothly, reaches a maximum after 20 to 40 minutes and may
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last from one to three hours. 8Since the Type IV bursts are very compli-
cated phenomena, the resclution of various components is not as yet
completely known. However, it has been suggested that the resolution

of three major components IVm, IVdm and IVy would be useful for the time
being84. Some characteristics observed by Takakura of the Type IV bursts
are as follows®>:

1. The intensity spectra of Type IV bursts have generally three
maxima corresponding to three components, IVm, IVdm and IVu. The
histogram for the center frequencies have three maxima, 70-100 mc/s for
Type IVm, 300-500 mc/s for Type IVdm and above 9000 mc/s for Type IVu.

2. The bandwidth of Type IVm bursts is almost constant irrespective
of both the position of the radio source and the intensity of the bursts.
Therefore, the radio sources of this type seem to be optically thin for
radio emission.

5. Owing to a directivity of the emission itself, or owing to a
propagation effect, the intensities of Type IVm bursts and Type IVdm
bursts decrease at about the limb of the sun by a factor of 0.1 and 0.3
respectively. Type IVu bursts are almost nondirective.

4. Some of the Type IVm bursts show frequency drift from high to
low at the rate of 3%0-40 mc/s per minute.

Type V is also a continuum emission extending over a very broad
band, but here the centimeter wavelength is particularly enhanced. It
is much shorter and stronger than Type IV and generally follows a
Type III burst. The comparison of the characteristics of various types of

radio bursts has been given by Denisse®6,
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2.2 Mechanism of Generation of Solar Radio Bursts

The earlier spectral observation of Type II and III bursts showed
that the frequency drift could be interpreted as a fast outward movement
of a disturbance through the solar corona. This interpretation is based
on a 'plasma hypothesis", namely that the radio emission was due to plasma
oscillations excited in the coronal gas surrounding a suitable kind of
localized disturbance. Since the plasma frequency decreases with height
in the Solar corona, the observed drift from high to low frequencies
corresponds to an outward movement of the disturbance. This interpretation
was not taken particularly seriously until subsequent observation revealed
that in some Type III bursts the source radiated in two bands correspond-
ing to a fundamental frequency and 1ts second harmonic; this strongly
suggested that plasma oscillation was responsibleBT.

On the other hand, Wild, Sheridan and Trent®® working with a
two-element, swept-frequency interferometer have observed that the motion
of the Type IV sources cover a range of frequencies, and they reported
that, at any one time, all frequencies arrived from the same direction
(with a 1little scatter). This observation was taken as evidence that
the mechanism of emission is not plasma oscillation, since radiation
emitted from plasma oscillations will be restricted to frequencies near
the fundamental (and second harmonic) of the plasma frequency in the
region of the source and so a wide range of frequencies cannot be emitted
from the same point.

In the following the origins of various types of solar radio bursts

which have been postulated with be reviewed.



Type I Bursts:

Two possibilities have been suggested.

a. Plasma Oscillation. Perhaps shock-magneto hydrodynamical waves

play the role of the exciting agent (Ginzburg and Zehelzniakov®®).

An attempt has been made by Sen®® to explain the excitation of a
plasma wave Dy instability of the shock wave front, but it was considered
by Ginzburg et al.®® to be groundless.

b. Magneto-Bremsstrahlung (Synchrotron) Radiation. Takakura®® has

assumed that Type I bursts are caused by synchrotron radiation of electron
packets (a size of every packet £ < AN). The electron of every such packet
gives the coherent radiation, but a total radiation of the whole system
consists of the radiation of separate packets (i.e., the electron phase

in different packets has a random distribution). Ginzburg et al.88,
however, have shown that bursts of Type I by synchrotron radiation of
electrons 1s not likely because there is no reason to assume that-emitting
particles can considerably change their energy in a time < 1 sec (charac-
teristic of the burst Type I).

Kai®t has deduced the following features from the data taken with
an interferometer and polarimeter at 200 mc/s at the Tokyo Astronomical
Observatory:

a. The radiation at the source must contain the ordinary component
of about the same amount as the extraordinary component. (At the extreme
limb the burst is nearly unpolarized.) From the center-limb varliation
in polarization it is thought that the polarization of the received
radiation is due to the differential absorption of two modes of waves

along the path, but not due to the polarization at the source.
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b. Very strong radiation must be emitted effectively in a small
frequency range. (Center-limb variation in intensity of burst.)

c. Considerably strong directivity. Whether it is due to the
mechanism of generation or to the effect of the propagation is not clear.
Probably the magnetic field may play an essential role in the generation
of burst. The radiation might be emitted from the plasma oscillation
which is coupled with the magnetic field.

Type II Bursts:

Emission is due to plasma oscillation in the solar corona; the
drift rate of Type II bursts corresponds to an outward velocity of 1000
to 1500 km/sec. It is thought that the primary agency with this

velocity76J92

is a shock wave, e.g., the plasma oscillation could be
excited by the passage of a shock front ahead of a fast moving column
of gas (Westfold®3).

It is possible that electrons running through the shock wave
front directly generate the transverse electromagnetic wave that is seen
as the Type II bursts (Tidmann94). But the shock wave may act in the
same way to accelerate particles until they radiate Cerenkov plasma waves

that scatter off density irregularities (possibly the shock front itself).

Type III Bursts--(Plasma Oscillation):

The drift rate of Type 111 bursts corresponds to an outward velocity
of 1/4 to 1/2c, where c is the velocity of 1ight®®. The primary agency
with those velocities must surely be a stream of charge particles.

33,96-10

A two-step process is regarded as generating the radio

waves:
a. The particles excite a longitudinal plasma wave by Cerenkov

radiation.
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b. The plasma waves are partially converted into transverse waves
which can propagate freely to the earth by scattering on inhomogeneities
in the electron density.

Type IV Bursts:

Boischot”®

suggested that synchrotron radiation from relativistic
electrons spiralling in a magnetic field was the cause of this type of
burst. It is to be noted that Wild's observations®® are consistent with
this suggestion.

Types " . and III have received considerable attention in the past.
Because the theory of the shock wave and its interaction with plasma
is very complicated and incomplete, the theory of the Type II burst is
less developed. An attempt has been made by Ginzburg and Zhelezniakov®®
to compare different mechanisms of sporadic radio emission and to show

the relation between them.

2.3 Explanation of Some Observed Characteristics of Radio Bursts

2.5.1 Type II Bursts.

a. Harmonics. Most Type II bursts have a second harmonic
but not third or higher-order harmonics. Roberts’® suggested that the
observed intensity ratio may be explained most directly by assuming that
they are generated by a nonlinear oscillation of the plasma with the
limitation that the oscillation is not sufficiently nonlinear to radiate
an appreciable third harmonic.

Smerd?©l considered the traveling-wave solution of nonlinear
longitudinal electron oscillation in a plasma stream in the absence
of a magnetic field. He suggested that if large oscillations of this

kind were responsible for the solar radio bursts, the bursts should be

rich in harmonics, and the amplitude of the third and fourth harmonics
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might be considerable. Maxwell and Thompson®?

pointed out, however,
that longitudinal oscillation of the plasma in the absence of a magnetic
field would give virtually no radio-frequency emission.

Krook (unpublished) suggested the explanation along the following

lines®2.

Although the large amplitude instantaneous disturbance may be
analyzed into a superposition of periodic waves of various modes and
frequencies, the propagation of the disturbance involves extremely
complex coupling between the various modes and various frequencies. One
can, however, use the superposition picture in the following restricted
way. Supposing the behavior of those transverse components of the
instantaneous disturbance correspond to the local plasma frequency and
its harmonics, some fraction of the energy in the wave at the local
plasma frequency will escape because of the outward motion of the
disturbance through a medium of decreasing density. The second and
higher harmonics, however, are only weakly coupled with the medium and
can easily escape from the region of the disturbance. If energy were

not being transferred continuously from the disturbances into those higher
harmonics, they would appear only as initial transients. However, the
depletion of the second and higher harmonics is counteracted by nonlinear
interaction, which continuously transfers the energy into them. The
precise character of the radioc-frequency emission depends intimately

on the nature of the nonlinear transfer mechanisms.

Sturrockt®® studied the interaction between longitudinal (electro-
static) and transverse (electromagnetic) waves in a plasma and showed
that in a uniform plasma in the absence of magnetic fields the dominant
interaction couples two longitudinal waves with one transverse wave.

Hence one would anticipate that the dominant nonlinear mechanism for
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radiation from an excited plasma leads to emission at twice the plasma
frequency. His calculation indicated why generation at the second
harmonic should be stronger than that at any higher harmonic. A nonlinear
effect will give rise to radiation at the fundamental only at an order
higher than that giving rise to radiation at the second harmonic. However,
inhomogeneities of the plasma or a magnetic field would promote coupling
between longitudinal and transverse modes at the fundamental frequency,
giving rise to radiation. The result given by Sturrock seemed to explain
why emission is observed predominantly at the fundmental and at the
second harmonic.

Cohen*®® has pointed out that the characteristics of Type IT
bursts can be readily explained by the two-step process, as for the
Type III bursts. (See Ginzburg®3.) A different possibility®* is that
the density ratio across the fast shock wave is four and therefore the
plasma frequencies Jjust ahead of and just behind the shock wave differ
by a factor of two. These two plasma frequencies could be excited essen-
tially simultaneously Dby fast particles.

b. Splitting Structure. Many Type II bursts show a split-

ting structure, i.e., both fundamental and second harmonic bands are
split into two bands each with separation of the order of 10 mec/s.
Various attempts to explain this splitting have been made, generally
based on a position of zeros and singularities of the magneto-ionic
dispersion equation. Cohenl®® ai1so pointed out that the most plausible

suggestiont©4

is that the two frequncies correspond to the extraordinary
mode singularity for 8 = O and 9 = ﬁ/2. Waves are generated near these

singularities by Cerenkov radiation. The waves correspond closely to

plasma waves, and they might be converted into the magneto-ionic modes
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that can escape to the earth by scattering on the ion component of
thermal density fluctuations.

2.%3.2 Type III Bursts.

a. Harmonics. The Type III bursts often have a second
harmonic. The Cerenkov spectrum®’, however, is concentrated just above
the local plasma frequency, so the second harmonic is not generated
directly, but rather comes from the second step, the scattering process.
The density inhomogeneities responsible for this frequency doubling must
themselves be plasma waves. This is called "combination scattering"®3.
Thermal fluctuations excite plasma waves, but it is very difficult to
obtain the required intensity of a second harmonic (as intense as the
fundamental) by thermal excitation alone. It appears as though this
scattering and generation of the second harmonic resulted when the
Cerenkov plasma wave scatters off their cousins, the wave which has been
generated a moment before by some preceding particles. There will be
a continued overtaking and scattering of one wave by another because
the Cerenkov spectrum is distributed both in angle and in frequency, and
each component has its own group velocity. The fundamental of Type III
bursts may be obtained by scattering of the Cerenkov plasma wave on the
ion component of thermal density fluctuation®3,98, 1This component consists
of damped ion waves and has a spectrum of its own, so that the Type IIl
spectrum is the convolution of the Cerenkov spectrum and the fluctuation

98

spectrum”~.

b. Radiation Intensity. The radiation intensity of Type IIIL

bursts depends on the number of particles within the Debye sphere as
well as on the type of radiation process, namely either coherent or

incoherent. Radiation intensity has been calculated by Ginzburg33 for
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the case of many particles per Debye sphere which is a two-fluid situation,
with the plasma waves generated by a two-stream instability limited by
nonlinearity. 1In a certain velocity range, the Cerenkov waves interact
with the particles of the beams, and this results in a coherent bunching
of the electrons. This bunching, which is a manifestation of the double-
beam instability, occurs at velocities for which f'(v) > 0, where f(v)

is the usual velocity distribution function and produces a greatly
enhanced rate of conversion of kinetic energy to electron oscillation.

On the other hand, for the case of one particle per Debye sphere, which
is the independent particle situation, the radiation intensity has been
derived by Cohen97, with the plasma wave generated by incoherent Cerenkov
emission. However, the theory for the intermediate case, where the
particles may be radiating partially coherently, has not been worked out
yet.

c. Duration, Drift Rate and Bandwidth. The duration of

Type III bursts can be related to the electron-proton collision time. If
the electron waves associated with the Type III bursts are excited by
the double-beam instability, the small natural bandwidth of the wave
results in a time constant of Landau damping that is always negligible
compared with the collision frequency. Moreover, electron scattering is
apparently more important than lLandau damping for establishing a minimum
drift rate. The bandwidth of bursts should be determined by the radial
extent of the exciting agent and by thermal density fluctuation in the
corona.

In a nonmagnetic plasma the primary mechanisms responsible for
converting longitudinal electron waves into transverse electromagnetic

waves are Rayleigh scattering and combination scattering®®.
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Rayleigh scattering produces no change in frequency and therefore
plays no role in determining the bandwidth of the escaping radiation.
Combination scattering, on the other hand, involves the scattering of
the excited waves by electron waves carried by the electron density
fluctuation of the medium, and the bandwidth of the scattering wave will
be approximately the sum of the bandwidths of the two waves®2.

A systematic theoretical study of the mechanisms of gporadic
solar radio emission has been made by Ginzburg and Zehelzniakov=8 by
considering radiation in isotropic and magnetoactive plasmas for coherent
as well as incoherent types. They pointed out that, generally speaking,
the stream of charged particles moving in the magnetoactive plasma is
unstable and will bring about the coherent radiation of ordinary and
extraordinary waves, when a longitudinal electric field exists in these
waves, which causes grouping of radlating particles. They also indicated
that a further development in their theory is needed along the following
lines:

1. To determine the polarization of the magneto-Bremsstrahlung
high-level radiation above the spot.

2. To find the mechanism of excitation of plasma oscillation leading
to the appearance of Type I bursts.

5. To take more completely into account the reabsorption for the
incoherent radiation.

k. To find the generation mechanism of the Type II bursts by the
streams of slow particles.

5. To consider the stable nonlinear plasma oscillation in order

to detemine the intensities of harmonics.
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It appears that the details of the generation of the radio waves
from the sun and their subsequent propagation through the solar atmosphere
to the earth are not at all clear yet, but nonlinear and particle-wave
interaction phenomena are certainly involved.

2.4 Some Concepts of Electron Tube Theory and Electro-Magneto-Ionic Waves

in the Study of Solar Radio Noise

2.4.1 Space-Charge-Wave Amplification Effect. Space-charge-wave

amplification in the moving interacting charged beams has been used in
an electron wave tubel957107 4, explain the abnormal intensity of solar

radio outburstg23,101,108,109

A mechanism of generation of radio energy,
which is believed to be responsible for the observed anomalous solar

noise has been presented by HaeffZ3 to interpret the observed data on the
intensity of solar radiation and its spectral distribution. The observed
anomalous r-f radiation from the sun is associated with sun-spot activity
and is believed to be generated within intermingling streams of charged
particles issuing from the active area of the sun. Such streams are

known to have the property of greatly amplifying initial space-charge
fluctuation over a range of frequencies determined by the density and
velocity distribution of the particle in the stream. Haeff has reviewed
the theory of generation of radio energy resulting from space-charge
interaction between streams of charged particles and applied to the
solution of solar radio noise problems. The space-charge-wave interaction
in streams of charged particles results, under certain conditions, in
imparting to the space occupled by the streams, the characteristic of a
medium having negative attenuation. This means that under such a condition

an initial perturbation which exists in the stream (such as caused by

statistical fluctuation, e.g.) will be amplified in an exponential




manner as the disturbance propagates along the stream. The amplification

process continues until the available energy is exhausted. This energy
is derived from the kinetic energy of the particles in the stream so that
the energy spectrum of the composite electron cloud will be substantially
modified after a prolonged coexistence of the streams of different energy.
The kinetic energy is thus partially transferred into the energy of the
electromagnetic fields associated with space-charge waves and can be
observed as radiation emanating from the streams of charged particles.

The method of analysis employed by Haeff is that of the linearized
(small perturbation) one-dimensional, single-velocity one. He considered
first-order perturbations of the form V = VO exp (I'z + jwt), where I' is
the complex propagation constant corresponding to a frequency w, in a
medium composed of k streams of particles, each of charge e and mass m,
of which the typical nth camponent stream has a particle density e
and velocity Vo He stated that T' is determined by the following (dis-

persion equations);

i = !
n !
7z = 1, (13)
feor JTv )= g
n=1 i n
where
ep
w2 = —B
n me
o]

il

In this way, for the special case k = 2, and w' = @a; he found that the

spatial amplification occurs over a limited range of values of the factor

w(v} - v®) Jwt(v* + v®). It is noted that this is essentially the mechanism
of "double-beam instability", which is well known. Haeff also pointed
out that the frequency of disturbance which can be amplified by the

space-charge interaction within inhomogeneous clouds does not have to
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be near the plasma frequency as has always been assumed by previous
investigators.

Because of rather good agreement shown between the theoretical
results and the observed data, a more detailed analysis of abnormal
solar radiation on the basis of Haeff's theory appeared to be profitable.

Although Haeff's simplified single-velocity theory does indicate
the nature of the processes, its application to the solar atmosphere has
been questioned since there the thermal velocities are of the order of
most injected beam velocities or greater. Feinstein and Sen*©® have
re-examined and extended the two-beam case of Haeff's theory and discussed
the modification introduced by an appropriate model of thermal motion.
They took into account the effect of thermal velocities by utilizing
an approximation to a Maxwellian distribution, and found that the possi-
bility of growth exists even for a beam injected velocity much smaller
than the mean thermal velocity in the region and narrow bandwidths are
encountered under these circumstances.

The possibility of accounting for much of the abnormal radio noise
received from the sun on the basis of conversion of the kinetic energy
of ejected prominent material into electromagnetic radiation has led
several workers to consider the existence of plasma oscillation by moving
charge particles.

The mechanism of conversion of the longitudinal oscillation into
transverse electromagnetic energy has been studied by various workers,
e.g., Ginzburg and Zhelezniakov®® by scattering process, and Feinstein
and Sen©®, and Feinsteinl©® with the electron tube interaction model.
When one considers the means utilized for the conversion of the energy

of longitudinal space-charge waves into transverse electromagnetic
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oscillation in many types of electron tubes, one notes that the cavity
entered by the bunched beam is designed to produce a large electric field
in the region traversed by the beam for a relatively low energy storage,
at the frequency of the space-charge wave. The wavelength of the two
oscillations will generally be quite different under these conditions,
but this does not effect the energy transfer because the interaction is
confined to a region which is small compared to either wavelength. It

is this independence of the wavelength of two modes which makes it
possible for each to satisfy its own dispersion relation. When the region
of interaction is extended over many wavelengths, on the other hand, a
match is required both in frequency and in wavelengths in order for net
interchange of energy to occur. For such a double matching to be in
agreement with the dispersion relation for the two modes (which is a
very special circumstance) there will normally be no excitation of the
transverse mode. An exception arises if a region exists in which the wave
characteristic varies considerably within a wavelength, or a period. The
electron tube interaction model or its temporal eguivalent then beccmes
applicable since the rapidly varying condition permits a net energy
delivery with only one of the parameters of the two modes matched. Such
a situation can arise if steep gradients are present in the medium
characteristic as might occur near the edge of prominence eruptions,

or if the rate of growth of the longitudinal oscillation is such as to
cause a considerable departure from uniformity in the amplitude of these
oscillations within a wavelength spatially, or a period temporally.
Feinstein and Sen suggested that since the usual calculated growth is

very rapid, this last state of affairs may well provide the answver.
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A quantitative investigation of energy transfer under these conditions
requires a nonlinear theory.

The nonlinear theory of space-charge waves in moving interacting
electron beams has been studied by Sen*?®. He considered the complete
equation of interaction (without the linear approximation) of two moving,
one-dimensicnal, single-velocity electron beams of given densities (with
sufficient number of ions to make the charges macroscopically neutral).
This analysis showed that the propagation of a steady-state space-charge
wave is possible in such a medium. The period of the space-charge wave
is a function of its amplitude and phase velocity. For small amplitude
the oscillation is a simple harmonic, and the characteristic dispersion
equation23 of the first-order theory is obtained. For a given phase
velocity of the wave, the oscillation becomes increasingly anharmonic
with increase of amplitude. Beyond a particular value of the amplitude
(which is a function of the phase velocity of the wave), the wave form
of the oscillation becomes discontinuous. This theory then was appliedllo
to estimate the relative intensity of the second harmonic component in
solar radio bursts, discovered by Wild and his co-worker®!. A theoretical
analysis based on the antenna theory of electromagnetic radiation from
an oscillating plasma gives a radio flux of the order of magnitude of that
observed. Sen also pointed out that this analysis can be extended to
n-beams and to the continuous velocity distribution situation. One of
the essential steps in this analysis is the derivation of nonlinear
dispersion relations; for the two-beam case this derivation can be made
with the help of an equation of motion, a continuity equation and a
Poisscn equation. Bohm and Grossi!l have derived it for the case with a
continuous velocity distribution. Sen has given a derivation of the

nonlinear dispersion relation by the Boltzmann equation®'©.
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Wild and his co-worker®! have reported observing a fundamental
and its harmonics in the radio spectrum of some solar disturbances.
Three characteristic features of the observation are as follows:
1. The frequency Band drifts toward the lower frequencies with time.
2. 'The received intensities of the fundamental and second harmonic
are similar.
5. The harmonic peak usually occurs at slightly less than twice
the frequency of the fundamental peak.
The presence of the second harmonic implies a nonlinear oscillator and
'suggests a longitudinal plasma oscillation.

Smerd'©! has shown that exact traveling-wave solutions, rich in
even harmonics, can be obtained for a nonlinear plasma oscillation. He
considered the case of a longitudinal electron oscillation in a plasma
stream, with the effects of temperature and magnetic field neglected.

His analysis showed that, if large oscillations of this kind are respons-
ible for the emission of solar radioc bursts, his result would suggest
that harmonics higher than the second may yet be discovered.

The space-charge-wave amplification mechanism may be compared

with two other mechanisms of plane-wave amplification which were published

105 112

earlier by Pierce and. Baily

2.4.2 Plane Wave-Amplification. In Pierce's theory of fluctuations

in a stream of electrons, he considers the perturbations which can arise
through the presence of a second stream of charged particles, namely
positive ions, and obtain an equation for determining I" which 1s formally
very similar to Eq. 13. This theory yields plane wave amplification

even when the stream velocity of the positive ions was neglected.
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Baily's theory of spontaneous waves in discharge tubes and in the solar
and other atmospherics is based on the general investigation of a plane
wave in an ionized gas, which i1s pervaded by static electric and magnetic
fields ﬁg and ﬁ; respectively. Bally pointed out that, in general, over
several ranges of frequency, the ionized medium acts as an amplifier for one
or more of the eight possible type waves, of a given (real) frequency,
which can travel through it, and that through this mode of wave amplifica-
tion almost any initial random fluctuation can grow into electric noise.
Baily further showed that the presence of a static electric field was found
to be essential and that of a static magnetic field to be favorable to such
amplification. The fundamental equation of Baily's theory (when the
vibration of the positive ions are neglected*) is given as follows**3,

The complex wave number f(= jI') is related to w by a dispersion

equation equivalent to

X(¥2 - Qizz) + U%lz[Y(R - iv) - QiZ]

5 Y A L
- RYQZ - 24R2Q (Qp + Up) = 0, (1b)
where X = RZ - 142 -1 - ivR,
Y = RX+R - 1vZ,
Z = 1% - 07,
R = w- Ull,
~
U = the mean drift velocity of the electrons,
a A
a = - eHo/mc (using Gaussian unit),
v = the collision frequency of an electron with molecules and
T = one third of the mean square velocity of agitation of the

electrons.

* The more complete theory, including the motion of the positive ions,
has been given by Bailyll4 gigo.
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The subscript 1 and T, respectively, denote components along and
transverse to the positive z-direction {oz), the direction of wave propa-
gation and the units of velocity 3 and frequency ® are taken as equal,
respectively to ¢, the velocity of light and p, the electron plasma
frequency. It can be deduced from Eq. 14 that, when v is not too large,
wave-amplification exists in certain frequency-bands under any one of

the following three simple conditions:

X A
1. U and Ho are parallel to oz and T = O.

" Y
2. U is oblique to oz, HO =0 and 1T = 0.
S > . Y
3. U is parallel to oz, T > U® {approx.) and H = 0.

These offer simple examples of wave-amplification occurring {in
Haeff's phrasing) "without the presence of any field-supporting resonator
or wave-guiding structures"”. Moreover, in some of these examples there
is an associated Poynting flux.

Thus it appears that in order to explain solar and other electrie
noise it is not necessary to postulate {with Haeff) interaction of two
or more different components of streams. It is, however, important to
note that the superposition, on a single stream of charged particles,
of other streams or of a static magnetic field or of random motion of the
particles--each and all increase the existing capacity of the medium to
amplify plane waves.

2.4.3 FElectromagneto-Ilonic Waves in a Magnetized Ionized Region.

It has been shown by Bailyllz that the nonrelativistic theory of plasma
waves in an ionized gas pervaded by static electric and magnetic fields
was found to offer a simple explanation of the spontaneous generation of
strong high-frequency noise in a discharge tube subjected to magnetic

field and in a sunspot. In order to examine the generation of solar
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noise under the condition in which the electrons attain drift velocities
approaching that of light, it becomes necessary to consider the relati-

tllS ) 116.

vistic effec The relativistic theory of electro-magneto-ionic

waves has been developed by Baily117

and the need for such a development
was reinforced by the fact, independently pointed out by Walker1®, 6 that
in the absence of magnetic fields and electron temperatures the non-
relativistic theory may incorrectly lead to certain wave amplification.
Baily showed*1” that in the absence of static magnetic field with the
effect of collisions neglected, either in ionized gas or in interpene-
trating double streams of electrons, certain waves propagated obliquely
to the drift motion may both grow and possess Poynting fluxes. These
fluxes are such that certain initial disturbances can lead to the escape
of amplified electromagnetic energy from an ionized medium. The exchange
of momentum and energy, between the streams of electrons and ions and
the growing waves, is discussed by means of the momentum-energy tensor of
the charged particle and of the electromagnetic field.
Baily's theory is based on the following laws:
I. Maxwell's law for electromagnetic fields.
II. The conservation of electron and positive ions.
IIT. Maxwell's law of the transfer of momentum in a mixture of
different kinds of particles.
The result of this theory117 shows that both theory and observation

lend support to the hypothesis which Baily suggestedll2

previously that
a notable part of cosmic noise and strong solar noise originates as

electromagneto~ionic waves in magnetized ionized regions.




IIT. SUMMARY

Radio noise in the ionosphere may be classified into two
categories--thermal and nonthermal.

During recent years a great deal of attention has been paid to
the study of VLF emissions (nonthermal), specifically with regard to
mechanisms of generation as well as its relationship with whistler and
with other geomagnetic phenomena. Although various mechanisms of gener-
ation have been advanced to date in an attempt to explain the VLF emission,
it appears that no one particular mechanism is capable of explaining
81l features of VLF emission observations, i.e., some types of mechanism
appear to be more convenient than others to explain certain types of
VLF emission.

Most analyses appearing in the literature primarily deal with
the dynamic curve (frequency-time characteristic) of VLF emissions,
and no attempt seems to have been made to consider the aspect of radiation
intensity. Furthermore linear analyses appear to dominate the existing
publications on the subject. It will be of value to study the radiation
intensity ( power spectrum) which would most likely involve the energy
transfer of various kinds as well as the motion of charged particles and
would require a nonlinear analysis in order to obtain reasonable results.

In contrast to the VLF emission, the thermal radiation ( thermal
noise) from the ionosphere has received very little attention. The main
reasons for this neglect appear to be due to the fact that, on one hand,
the thermal noise level measured on an antenna is usally exceedingly

low and it does not constitute an appreciable source of interference in
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radio communication. On the other hand, the researchers in the field
of ionospheric phenomena seem to be more interested in and busy with the
study of nonthermal processes such as VLF emissions,whistlers and ELF
emission, which lie in the frequency range up to 30 kc/s.

However, it must be pointed out that this type of radiation
belongs tc a general subject of noise radiated from a plasma, which is
of great interest, and if the spectral distribution of the emitted energy
is characteristic of the plasma properties, a measurement of radiation
provides specific information on the plasma. As an example, knowledge
of the radiated power gives a measurement of the electron temperature in
the plasma, and this has been used as a powerful diagnostic technique.
For a plasma in a steady state, macroscopic radiative transfer concepts
without detailed knowledge of atomic processes can be applied and emission
spectra determined from the electromagnetic wave absorption, transmission
and reflection properties of the plasma. These determinations are compli-
cated by the nonuniformity and geometrical configuration of the emitting
plasma.

The survey of the literature indicates that some experimental
observations and measurements of the thermal radiation (noise) from
the ionosphere have been made by few workers with a linear antenna
operating in the vicinity of 2 mc/s, and the electron temperature in
the D-region of ionosphere has been derived using a simple analysis
based on macroscopic concepts. However, it appears that no literature
is to be found which undertakes a detailed rigorus study of the thermal
emission in the ionosphere from a microscopic point of view. In order
to obtain a good understanding of the fundamental process involved in

the thermal emission, it will not be unreasonable to expect that the study
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of motion of electrons, under a general physical condition, will be
required in which the general Boltzmann transport equation will enter into
the analysis. The publications dealing with some effects of electron
thermal motion in the ionosphere have appeared in connection with the
studies of Landau damping of whistlers, as well as in the study of radio
wave scattering in the ionosphere and magnetosphere.

In reviewing the subject of solar radio noise, particular attention
was palid to the mechanism of generation of various types of solar radio
bursts. It appears that, similar to the case of radio noise in the
ionosphere, various mechanisms have been proposed for various types of
solar radio bursts, and some mechanisms seem to be more convincing than
others. The mechanisms postulated so far are quite similar to those
advanced for the nonthermal emission in the ionosphere. Although the
synchrotron radiation from relativistic charge particles seems to play
an important role, it appears that the majority of solar radio bursts
can be explained by the radiation from plasma oscillation which can be
induced by various means, e.g., by corpuscular stream or by shock wave.

The space-charge-wave amplification effect (double-stream insta-
bility), which was developed originally in the electron tube theory, has
been applied to the study of solar radio noise emission by various workers.

Although some nonlinear analyses in this connection have appeared
in the literature, most publications considered a simple single velocity
beam model in the beam-plasma system.

This review leads us to believe that there are still many areas
of study on the subject of radio noise requiring investigation. 1In view
of the fact that we are interested in the application of the nonlinear

microwave tube interaction theories to ionospheric processes and other
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related phenomena, there are few areas which seem to be particularly
interesting.
They are listed as follows:

1. Selective traveling-wave amplification process.

2. Transverse instability. (Plasma instability in the whistler
mode caused by a gyrating electron stream.) "Cyclotron resonance
backward-wave oscillator-concept'.

3. Thermal radiation from the ionosphere.

4., Landau damping of whistlers.

5. Radio wave scattering by free electrons.

6. Scatter from man-made irregularities in the ionosphere D-region.

7. Beam-plasma interaction. (Radiution from plasma oscillation.)

8. Space-charge-wave amplification process. (Double-beam

instabilities.)
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